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Abstract 
This paper presents the design, implementation and verification of methods to determine the electrochemical impedance 
spectrum of a Lithium-Ion battery by using methods of digital signal processing. The principle is to excite the battery by applying 
a current step and measuring the voltage response. Both signals, the stimulation and response signal, are the basis of the signal 
processing algorithm. The method is verified theoretically with a very good accuracy by a computer simulation and was 
successfully applied to real cells under laboratory conditions. The reference impedance spectra for the evaluation are produced by 
the electrochemical impedance spectroscopy (EIS) technique.  
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1. Introduction 
Stationary energy storage systems play an important role in Smart Grids and serve as an energy buffer to balance 
the fluctuating in-feed to the grid. For an ideal integration and control of such temporary energy storages, a detailed 
and accurate battery model is essential. As the battery behaviour changes with the increasing number of charging 
cycles, respectively the state of charge (SOC), the state of health (SOH) and the temperature T, it is necessary to 
adjust these model parameters regularly. 
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The electrochemical impedance spectrum or the frequency response characteristic acts like a fingerprint of a 
battery. It contains information about the SOC, temperature and SOH. From the impedance spectrum the parameters 
for the desired battery model can easily be obtained. So when knowing the electrochemical impedance, the battery 
model can be established. The most common method to find out the impedance spectrum is the electrochemical 
impedance spectroscopy (EIS) method. From this point and forward impedance means the electrochemical 
impedance until otherwise is mentioned. 
This paper presents the design, implementation and verification of a method to determine the impedance of a Li-
Ion battery using digital signal processing (DSP) approaches. The goal is to obtain a robust and fast method, which is 
applicable to both, battery arrays and battery cells, with an average deviation of less than 5% to the reference. In the 
first and second sections the general idea of the DSP-method is highlighted and adapted for the application to real 
Li-Ion batteries. Section three deals with algorithms to compensate the errors caused by the fast Fourier transform 
(FFT). In the next section the DSP-methods are applied to real Li-Ion batteries under laboratory conditions and the 
results are evaluated in frequency and time domain. At the last sections the results are discussed and a conclusion is 
presented. 
2. General Idea of the DSP method 
The theory is based on a paper published by Bischof and Biechl in 1987 [1]. The authors describe a method to 
determine the impedance spectrum of a system, by using arbitrary transients of system stimulation and response and 
a combination of analytical and fast Fourier transform. The theory is to apply an arbitrary transient stimulus e(t), 
from a steady state to another to the system and measure the response r(t). Then the Fourier transform is applied to 
both, the excitation and response signal. This principle is only valid, if for ࣠ሼሺሻሽ and ࣠ሼሺሻሽ the Fourier integral 
exists, which means the signal is integrable in the interval of [ ]+∞≤≤∞− t . To ensure this, the transient excitation 
signal e(t) and the response signal r(t) may need to be split up into components, where the Fourier integral exists. 
This means either an energy-limited signal or a signal which analytically can be transferred into frequency domain 
[2]. In case of energy-limited signals the fast Fourier transform is applied. 
Adaption to Li-Ion Batteries 2.1.
The definition of the (operational) impedance is only valid within linear system theory (LST). Which implies that 
the system has to be linear, stationary, time-invariant and causal [3]. As Li-Ion batteries do not fulfill these explicit 
requirements, except the causality (implied), assumptions have to be made:  
• The battery behaves linearly within the certain operating point, time range and the chosen stimulus (current) and 
response (voltage). 
• The temperature is constant during the time range and does not change with amperage. 
• The change of parameters due to SOC-change and ageing effects are neglected. 
For the analytical investigation this means, the open circuit voltage vOC is constant. When applying to real 
batteries a linear coherence between vOC and SOC is supposed. It is required to achieve an accuracy of %95≥  of the 
obtained spectrum Z( f ) compared to the reference spectrum ZEIS( f ) (EIS-measurement). The frequency range to be 
investigated is limited to the span between 1 mHz and 0.5 Hz. 
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2.1.1. Analytical Investigation 
As stimulus signal a current step is used. The unit-step function u(t) is the integration of the Dirac impulse Ɂ and 
contains all frequencies [4]. It has therefore ideal conditions for a scientific investigation. Additionally a current step 
can easily be reproduced in practice by a laboratory power supply or electronic load. The step-function reads as 
)(ˆ)(Batt tuIti ⋅= ,   (1) 
where Iˆ  is the height or amplitude of the current step and u(t) the unit-step function (Heaviside function). Iˆ  can 
either be negative for a charging or positive for a discharging of the battery. For the analytical investigation of the 
method the one time constant (OTC) - model (cf. figure 1(a)) is used. Due to linearity all results can be transferred 
to models with two or more time constants. 
The step-response vBatt(t) of the OTC-model reads as 
 · u(t)I · - R - e · u(t) I ·  - R v(t) v i·CR
t 
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in continuous time. 
From the simplified equivalent circuit diagram in 1(b) it follows, that only the voltage drop across the impedance 
Z( f ) and the change in the current is required to obtain the impedance spectrum of the battery. The voltage drop is 
calculated by 
)()( Batt tvvtu OC −= ,   (3) 
and the current through Z( f ) as 
)()( Batt titi = .   (4) 
a) b) 
Figure 1. (a):’one time constant’ (OTC) battery model, (b): the general and simplified battery model. 
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From system theory it follows that, equal directed current and voltages yield in a negative impedance. The 
impedance Z( f ) reads 
{ }
{ })(
)()(
tiF
tvFfZ −= .      (5) 
The excitation signal iBatt(t) and the system (step-) response vBatt(t), exemplified for charging mode, are shown in 
figure 2(a) and 2(b) respectively. The step height is Iˆ = 8 A. The change in current and voltage is marked with i(t)
and v(t). The model parameters Ri, ROTC, COTC and vOC within this investigation and simulation are chosen from a 
real battery.  
As previously described the response signal v(t) needs to be split up into components, where the Fourier integral 
exists. As the stimulus i(t) is a step function, which analytically can be transferred into frequency domain, no 
fragmentation for the current is necessary. The Fourier spectrum of i(t) is donated as I(f). Charging is done with a 
constant negative current Iˆ  (cf. fig.2(a)). The step-response of the model is illustrated in (b). The response signal is 
split up into a step function v1(t) (c) together with an energy limited signal component v2(t) (d). 
The step-function v1(t) is transferred into Fourier space by the CTFT to V1(f) and the energy-limited signal v2(t)
by the FFT to V2(f). The total voltage v(t) to be examined, is set-up of v1(t) and v2(t) like 
)()()( 21 tvtvtv −=
.   (6) 
a) b) 
c) d) 
Figure 2. (a): Current step with the step height Iˆ  = 8 A, (b): the system step response simulated with an OTC-model, (c): voltage component 
v1(t), (d): the component v2(t). 
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From the given linearity of the Fourier transform the spectrum V(f) of the voltage v(t) results as: 
)()()( 21 fVfVfV −= .   (7) 
For the impedance spectrum Z( f ) follows now the relation 
)(
)()()( 21 fI
fVfVfZ −=
.   (8) 
Simulation Results without Error Compensation 2.2.
In figure 5 the simulation results are shown. The Bode-plot depicts a big difference between the spectrum 
calculated by the algorithm (green dashed) and the theoretical derived spectrum (solid green) (done by the analytical 
Fourier transform and the equations of the OTC-model). Especially the high frequencies show a big error in phase 
and magnitude. Figure 3 illustrates the origin of the error occurring, using the FFT. 
Figure 3. Error Block-Diagram. 
The aliasing error yields from the discretisation of the signal which can be encountered by fulfilling the Nyquist 
theorem. For non-bandlimited signals a high sampling frequency will reduce the aliasing error. The windowing error 
can be antagonised either by applying a compensation in time domain or in frequency domain by curve fitting. 
3. Error Compensation Algorithms 
Compensation in Time Domain 3.1.
The idea was developed by Nicolson in 1973. The principle is to subtract the ramp-function p(t) as shown in 
figure 4(b) from the step-response v(t) 4(a), before conducting the FFT. The ramp p(t) starts at zero and goes to the 
negative value of the voltage v(Tn) for t = Tn [5]. The results of the subtracting v' (t) is shown in in figure 4(c). As 
v0(t) is energy-limited, the split-up of the signal is now unnecessary. 
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Compensation in frequency domain 3.2.
The idea is to approximate the analytical Fourier transformation of the voltage component v2(t), but also to keep 
the information about the non-linearity included in the FFT spectrum. To compensate the error in frequency domain, 
the FFT of v2(t) has to be adapted. This can be done by a compensation function D( f ), which is multiplied by the 
result of the fast Fourier transformation V2( f ). 
The new spectrum of the v2(t) voltage component: 
)()()( 22 fVfDfV ⋅=′ .   (9) 
D( f ) is a vector of the same size as V2( f ). It contains a complex correction factor for each frequency bin. Ideally 
V’2( f ) yields into the continuous time Fourier transform (CTFT) of v2(t). The CTFT can be obtained using a curve 
fitting algorithm, where the data of V2( f ) is fitted to a behavioral description of a battery model (OTC-Model 
description). The Levenberg-Marquardt (LM) [6, 7] curve fitting algorithm is applied. The obtained model 
parameters are used to calculate the analytical Fourier transform of the v2(t) component. For the compensation factor 
follows: 
{ }
{ })(DTFT
)(CTFT)(
2
2
tv
tvfD = .   (10) 
The compensated spectrum of v2(t) is then calculated by: 
{ }
{ } )()(DTFT
)(CTFT)( 2
2
2
2 fVtv
tvfV ⋅=′ .   (11) 
Simulation Results with Error Compensation 3.3.
Exemplified for the error-compensation in frequency domain the Bode plot is shown in figure 5. The green solid 
line shows the analytical impedance Za( f ) and the green dashed line the result of the method without compensation 
Z( f ). The compensated spectrum Z’( f ) is marked with yellow crosses. As you can see Z’( f ) almost precisely 
a) b) c) 
Figure 4. (a): the voltage drop v(t) across the impedance Z( f ), (b): the ramp-function, (c): the compensated voltage v0(t). 
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match Za( f ). The Error Modulus (EM) averages in a value of 0.65 10-4 % in relation to Za( f ). For the compensation 
in time domain the EM numbers in average 0.2235 %. Both theoretical results are satisfactory. 
4. Application to Real Li-Ion Batteries 
The theoretical approach is now applied to real Li-Ion batteries under laboratory conditions. A single measuring 
period for a certain operating point is composed off an ON- and an OFF-Phase followed by an electrochemical 
impedance spectroscopy measurement as pointed out in figure 6. 6(a) shows the current iBatt(t) and 6(b) the voltage 
response vBatt(t) of the battery. In the ON-Phase (t0 – t1) the current is switched on, in this case with a step height of 
Iˆ = −8 A for charging mode. During this time interval the voltage changes according to the battery cell behaviour. 
After a certain time (~12min) the current is switched off and the voltage turns into steady state (vOC).  
As previously mentioned, in case of a real battery the open circuit voltage vOC is not constant and changes in 
relation to the SOC. During the ON-Phase the dependency is assumed to be linear. As the current is zero in the OFF-
Phase and before t  t0 the open circuit voltage vOC(t) is constant. The function is plotted in figure 6(b) (blue 
dashed). To get the voltage drop v(t) across the impedance Z( f ) the open circuit voltage has to be subtracted from 
vBatt(t) as v(t) = vOC(t) − vBatt(t). 
a) b) 
Figure 5. Bode-plot of Z ( f ): (a): the magnitude, (b): the phase. The green line represents the theoretical characteristic. The dashed line 
shows the obtained spectrum without error compensation. The yellow crosses indicate the spectrum after applying the error compensation. 
a) b) 
Figure 6. Measurement interval for one SOC value: (a): the battery current iBatt(t), (b): the voltage response of the battery cell. 
 Ahmad Rahmoun et al. /  Energy Procedia  46 ( 2014 )  204 – 213 211
Verification of the Practical Results 4.1.
Two approaches are used to verify the results of the method. The first approach compares the impedance
spectrum results to the impedance measurements from the EIS-meter at the same frequency bins, as shown in figure 
7. Z1 represents the impedance with error compensation in time domain and Z2 with compensation in frequency 
domain. As you can see the obtained spectra have almost the same shape, but differ much from the reference. The 
second approach is to evaluate in time domain, both, the method results and the EIS-meter measurements. For the 
evaluation in time domain the obtained spectra are fitted to a second order fractional rational function (eq. 12), to 
obtain the battery model in form of the system transfer functions T1, T2 and TEIS [8]. 
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.  (12) 
The obtained battery models are now used to simulate the battery output vBatt(t) for a stimulation signal iBatt(t) and 
compared with real battery measurements for verification. 
8(a) and 8(b) give the results for using the impedance spectra of Z1 and Z2. As can be seen the reconstructed 
Figure 7. Nyquist plot of the obtained impedance spectra Z1 and Z2 in comparison to the reference ZEIS form the EIS-meter measurement. 
a) b) 
Figure 8. (a): Verification in time domain using a current-step as excitation signal. (b): shows the maximum and mean error the measured 
battery output voltage vBatt(t). 
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voltages vZ.1 and vZ.2 fit almost perfectly the real cell voltage response vBatt(t). The voltage response vZ.EIS on the 
contrary deviates strongly, as can be seen by the maximum and mean error shown in figure 8(b). The error of vZ1.2
averages in a deviation of less than 0.15% to vBatt(t) and the evaluation of vZ.EIS yields in almost a triple value with 
about 0.45% in average.  
Evaluation of the Models using a General Test Profile 4.2.
To evaluate the models and therefore the obtained impedances Z1.2 and ZEIS the simulation is repeated with a 
different stimulation signal. The used test profile is shown in figure 9(a). It covers the general operating modes of a 
battery: an increasing current (ramp) and a continuous current of different values for discharging and charging.  
This profile is first applied to a real battery and the response is measured (cf. figure 9(b)) and later it is employed 
to the previously achieved battery models (T1, T2 and TEIS). The trend of vOC(t) is shown in figure 9(b). The model 
outputs and the evaluation results are shown in figure 9(c) and (d) for algorithm 1 and 2 respectively. The deviation 
to the measured voltage response vBatt(t) has increased compared to the evaluation using a current step as stimulus 
(cf. figure 8), but is still less than the targeted 5% maximum error. Again the reconstruction using TEIS produces the 
biggest mean error. 
a) b) 
c) d) 
Figure 9. Measuring Period for one SOC value: (a): the current iBatt(t), (b): the voltage response of the battery cell, (c): the measured voltage 
response compared to the simulated one using the general test profile, (d): the relative max and mean error. 
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5. Discussion 
All together 53 measuring intervals within 13 series of measurements for different SOC-values, currents Iˆ , 
temperatures T and sampling frequencies Fs for charging and discharging mode were considered in the investigation. 
It was found out, that best accuracies were obtained in the mid-SOC range. The relation of the precision and the 
SOC value can be explained by the increasing non-linearity of the battery close to the upper and lower limits (0%
and 100% SOC respectively). This behavior can be ascribed to the assumption made regarding the linear relation of 
the SOC and the open circuit voltage. It could be ascertained that the current amplitude Iˆ has no significant effect 
on the accuracy, which allows the application to battery arrays. It was found out, that the OFF-phase investigation 
provides better results compared to the ON-phase. This is again founded in the assumed linearity, which does not 
always apply. Additionally the SOC is constant for the OFF-phase. From time domain investigation also follows, 
that both error compensation algorithms in quiet similar accuracies. At which the error compensation in frequency 
domain offers the greatest flexibility, as it is not bounded to a step and a step-response analysis. 
6. Conclusion 
Overall the idea to determine the impedance of a Li-Ion battery using methods of digital signal processing could 
be implemented and verified with good results and accuracies of less than the targeted maximum deviation of 5%. 
The introduced algorithms are robust and produce reliable impedance spectra for all investigated operating points. 
The best accuracies are achieved within the middle SOC range. By the way it was depict that the EIS-meter 
measurements are not sufficiently accurate for low frequencies. The obtained results and experiences are a good 
basis for further investigation and the first step in the direction of online model identification. 
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